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Multiphoton Ionization of Group VIERB Hexacarbonyl wvan
der Waals Clusters: Trends in Intracluster
‘Photochemistry

William R. Peifer and James F. Garvey®*
Depariment of Chemioiry

State Univerzity of New Yori at Buffzlo
Futr=io., New York 12214

Abstract

Vor der wzzls ciusters of MiC2e (MaCr. Mo, W) gerercted in Lhe freo- fed
expansic, of a ruleed bean of seedeld helium are subjected to anitiphotorn
ionizaticn (MF1) and the product ions anazlyzed by quadrupole moase
spectrom=try. W¥e previously reported the obeervation of efficient produsil.-
Mol omnd Moo following Ml of Moi{CU)s van der Wasls clusters, and
rroposed that these icns arise through novel reactions betwesen a neutrsl
photoproducsd metzl atom and the ligands of an adjscent metal carbonyi
"erlvent molesule within the cluszter. In order to test some of the
predictions of this model, we have now examined the MET of van der Waalc
clusters of the oiher Grouvp VIB hexacarbonyls. We {ind ths same novel
behavicr (viz., efficient producticon of metal oxide ionz) in the ¥i(Cl)e zysten
a3 that previously cbserved for Mo(QO)s. However, we find no evidence of suth
behavior in ths Cr(C0)s system. Based on these observaticns., we sugfest L)t
the rea-tivity of first-row transition metal atoms mey be fundamentally

different from that of second- or third-row metals. These differences are

discucssed in terms of the occupancy and relative size of the metal d orbitals.
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Introduction
Transition metal carkonyl complexes have been the subject of intense re-
search by both theorists?! and experimentalists.2.3 The variety exhibited in

el

[

the tyrez of bonding between metsls and carbonyl ligznds challenges cur
cal intuition.® Many conrdinatively unsaturated meta. czrboryl srecier sz
thought to play impertant roies in ecatzlytinc eoyoles. b Such Lizoturs !
grecies can be efficiently generated in the gas phase via pulseld lass: poooo-
lysin of the corresponding satursted species;: in faci, thess unimziectlar

photofregrentation reactions provide s convenient meany for testing ans 1:8F:i7-

ing statistical res:>ticn rats theories. b

N

’

Time-rescivec infrared spectroscopy (TRI

-3

| a3

b has beern us=Z to gtudv the

dvriamics of

excimsr lasesr photolysis of transition metal carbonyis. the de-
tails of energy partitioning along the reaction coordinate, and the recorbina-

tion Kinetics of primsry photoproducts with various ligand=.7.8 The temporal

dependence of certzin features in the infrared spectra suggest thet cocrdins-

ple. the clustering reaction

Cr{C3ie + Cr(C0Y ==» Crz(Clj10 {

')

proceeds in the gas phase with a rate constant of 1.8 x 107 Torr-2 sex-1 at
3C7 K.® Group theoretical analysisi® of Ik spectroscopic dataz (1.e., the num-
ber an relative intenuities of observed absorption bands) is especislly uss
ful in azsigning structures to the mononuclear carbonyl fragments. However,
the products of clustering reactions such as the one above are less amenable
to such an analysic because of the lower symmetry of these binuclear species
and overlap with the spectral features of other species. It is necessary to

study these metal carbonyl clustering resctions by some complementary tech-
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nigue if one hopes to derive detailed informzstion on structure and bonding.
One technigue which holds promise a= a structural probe of these clustering
reactions is multiphoton ionization macs spectroscopy (MPI/MS). The maltiph--
ton dissociatior and ionization dynamics of mononuclear20-22 and covalen- v
bound miltinuclearZ®-2v gransition metzl carbonvies is well understooo: initiczl
multiphoten dissociation (MPLDY of the metal carbonyl results in complets 1izg
and stripping. leaving behind a nawred metal aton which 1= subseguesiily Iom

y v - +] oT Py = - . e S es - S ] eV - i .. R S PG S
1z Censgequently, the MPD muss spectrum is dominated alpos! exolazively b

he metal ion signal. Un the other hand, the multipheton photophysics of van

-

der Wasls comnlexes of transition metal carbonyls is not so thorouzhiy chzo-

a~terized. Such van der Waszls complexes are inherently interssting, since
rultiphoton processzes within these compleres may lead to the productiorn of ~o-
ordinatively vnsaturated transient species clustered within a she:l of satu-

rated "solvent’ molecules. Theses photoproduced complexes could serve az molsl

systens in the study of phenomena such as heterogeneous catzlysis cr

'S

chemisorption on metal surfaces. Clustering reactions (such as theoss inlerre
from TRIS experiments) within these complexes should be easily stimulated. ani
waild perhaps give rise to anomalous fragment ion yields in the mazs speciran.
Indesd, novel intracluster chemistry hes beer. observed to accompany the molisi-
photon dissocislion of mixed van der Waals complexes composed of Fe{C0)s and
snall oxyZen-containing molecules.27
In order to explore the interplay between unimolecular photodissociaticn

processes and bimolecular reactivity in metal carbonyls, we have examined the
MPI/MS of van der Waals complexes of Group V]I hexacarbonyls. We recently re-
ported the observation of novel behavior in the multiphoton dissociation and
ionization of Mo(CO)s van der Waals complexes.28 Efficient production of Mo+

and MoD2* ions following multiphoton excitation of the metal carbonyl van der




Wazls comclexes led us to propose the intermediacy of a structure (or struc-
tures) containing doubly-bridging carbonyls acting as four-electron ligands,
as illustrated in Figure 1, where M* is a nascent metal 2tom which interacts
strongly via d-w* back-bonding with the oxygen ends of adjacent carboryvl 1ig-
ands within the neutral van der Waals complex. One of the predictione of this
model iz that for smaller metsl atoms, the metal d orbitals will be mors con-
tracted and the bridging carbonyls will thus be forced into closer proximity.
Crowding of the bonding ny orbitals of the bridging carbonyl ligands (within
the CO-M*-0C plane) will tend to be destabilizing, and if thisc repulgive in-
terastion is not overcome by the strength of the M*-0 bonds, this type of
doubhly-bridges structure will not form. Consequently, yields for MU+ and MOz
should be diminishingly small, if not totally absent, when M is a metai whose
d shell is of small diameter. In order to test this structural model, we have
examinad the MFI/M5S of van der Waals complexes of metal carbonyls other than
that of meolvbdenum. We describe herein our results for Cr(llle and W(TO)e

complexes, and discuss implicaticnzs tor intracluster reactivity and bonding.

Experimental Section

The metal carbonyls, Cr(CO)s, Mo(CO)s, and W(CO)e, were obtained from
Aldrich in purities of 89%, 88%, and 88%, respectively. FPrior to use, each
compound was further purified by several freeze-pump-thaw cycles at 77 K. Cur
cluster beam photoionization mass spectrometer is shown in Figure 2 and hac
been described elsewhere in detail.2® Briefly, helium seeded with a metal
carbonyl compound at its room temperature vapor pressure (typically s few hun-
dred mTorr) is admitted into the low-volume stagnation region of a Newport BV-

100 pulsed molecular beam valve fitted with an end plate having a 0.5 mm dia-

meter, 30° conical aperture. The stagnation pressure of the seeded helium is




1.2 atm. Metal carbonyl van der Waals complexes are formad in the free-iet
expan=icn of the pulsed beam of seeded helium. The background pressurs inside
the vacuum chamber with the pulsed beam vaive off can be maintained at lecsc

than 17-7 Torr, and operation of the vaive at 1 Hz leads to maximum chamb-r

f

pressur=s of about & x 1078 Tcrr. Tne cluster beam pulse is directe? =ais:

b

m

intc the ion source of a Dy-or MZOOM guadrupole mass spectromsier, where it iz
interssrted by the fooused output from a Lambda Physik EMG 150 excims:r lus=:,
operated on the Krr'™* transition at a pulse encrgy of ca. 100 wd. Synchroniza-
rien of the laser and the moleculsr beam valve is accomplished through the ase
of ar external timing circuit with an adjustable delay. The timins civoili 1o
set to fire th- 20 nsec laser pulse on the leading edge of thes ca. 150 use:
duration molecular beam pulse. Ions produced in the ion sourcs are selected
by the quadrupcle mass filter and detected by a low gain (ca. 100IX) electran
miltipiier. Cutpat from the nultiplier is converted to a voltesge, amplifie:
by a fast 100X azplifier, and averaged with background subtraction by a boxcar
avera®=r (EGYG Frinceton Applied Kesearch, Model 4420). Typically, the masc
filter ics scanned at 3 rate of 0.04 amu/sec over a 100-amu range so that spec-
tru nay be collected and averaged for 2500 laser shots.

Electrorn impact (El) mass spectra of the van der Weals conp lexes oo
also be collected by leaving the excimer laser off and energizing a thoriated
iridiur filament within the ion source. Typically, we operated this source at
an electron energy of 70 eV and an emission current of 1 mA. In additicn.
mass spectra of the unclustered metal carbonyls (i.e., "monomers™) may be cci-
lected by admittirg the neat sample vapor directly through an effusive inict.
In order to properly interpret data from cluster beam ionization experimentis,
one must verify that the observed ion signals result from ionization of neu-

tral species within the molecular beam, rather than ionization of residusl




molecules within the vacuum chamber. Since we are able teo adjucst the delzy
time between the triggering of the pulsed bean valve and the firing of ths
laser, we can determine the temporal behavior of the ion signal and therei:
ensure that the ions w= are creating actuzlly arise from neutrals in the-

molecular beam.

Results and Discussion

m A e
ISR WS e SN

R=levant portions of the MF] mass spectra of the van der Was

of Mo(COds. RW{(CO)Ys. and Cr(C1)s are shown in Figarez 3, 4, and &, rese -

2
[
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-

~ively. The MFI mass spectra of the corresponding unclustered metbs

nown aiongside for compariscn. We huve previously discussel our resuiics

)
8]
M
0n

Y50 the Mo (C0)e system.28 Wz observed the efficient production of Mo arnd
Mole+ ions following multiphoton icnization of van der Wazls complexes of the
mexacarbonyl. We noted that such ions are not observed in the WEF1 mass spec-
trum of the unclustered, monomeric hexacarbonyl.,20 nor are they observed in
electron impact (EIl) mass spectra of either monomers cr clusters. From the
tempors! behavior of these oxn- and dioxomolybdenum ionis, we reasoned that

th ions wWere originating from novel intracluster photochemical reactions,

\0

T

S
rea~ticns which most likely take place between two neutrzl participants within
h]

the van der Waals complex. Based upon corbital symmetry argumentz and analc-

£ies from surface s:ience2® and synthetic crganometallic chemistry,30.31 we

jot]

4 3 .
ant Lo

propos=d the intermediacy of a3 structure such as 1 (vide supra) tc acc .
the observedi photochemistry. Similar types of structures have beer propose!
to account for observed trends in ion-molecule reactivity among coordinztively
unssturated transition metal carbonyls.32

As discussed above, one of the implications of our structural model is

that bridging by two carbonyl ligands will be stable only if the day orbital
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on M* is sufficiently large to prevent crowding of the occuapied ny ortitsls cof
the bridging carbonyls. We would expect, bzsed on our results with Mc, thz®
an atom such as W might be able to interact with the oxygen ends of the tw-
bridging carbonyls via ba k-donation from ite valznce 5l orbital. Ws theoo

fore expect van der Waals complexes of W{ChHe to exhibit the same type o7

novel photochemicsl behavicr following moitirhoton excitation as that ohzerve!

by

previcasiy in the Mo(Cl,e systen. In fact, ws do obssrve efficicnt produ.ti-orn
~f W2+, as shown in Figare 4. We emphasize that WO 1s oniy obssrved i th=
MTT maces spectrun of W/ OU)s van der Waals complexez. It is not observed Iin
tie ME] mmes spectrum of the unclustered hexaczrbonyl. nor is it observed in
zv ~»f the El mass spectru. We believe that production of Wo* is oocurring
through the sams type of novel intracluster photochemical mechanism as thst
previously proposed tor the Mo(CU)s systern: that is, reaction beiween za phots-
produces W oatom and the oxygern ends of carbonyl ligsnds on an adjacent W(C3O)s

"solvent molecule within the var der wasie complex. 0Our masz speclromsier ic

99)
ct
]

vz 6 2il, and we are therefcre unable to dete-

2

v ahls to pa ionz of

17}
h

Y

)

Woot prodact ionz (m/z 214, 215, 218, and 2315,

W niow consider the remzining menber of the honologous weries, Crillia.
Figuire 5 showe s portion of the MFI mass gpectrur of Cri{CQ)s van der Wsais
complexes. Une immedizmtely notices that the photophysical bzhavior of ths
Cr{CCr system differs from that of the other Group ViB hexacarbonyles. No
m=tal oxide ions are observed in the mass spectrum; instead, van der Wazlc
complexes appear to behave just like the unclustered monomer, yielding a macs
spectrum dominated by the metal ion signal. Operation of the pulsed molecular
beam valve at ca. three-fold higher intensity (maximum chamber pressure of

about 10-5 Torr) results in the producticn of a series of ions, CrOHx*

(x=0,1,2), which presumably form upon MPD/MPI of heteroclusters of Cr(CO)s and
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120 (present as an imparity in the helium gas cylinder). Thiec- icnc are &is:
se=n in the high-pressure EI spectrum. However, MPI spectrs recordel under

conditions ¢t lower pulssd mojecular beam intencity show no ion sighels oorre-

Dy
-

')
i

sponding to Crd* or Cridzr . One mifh sespsrt that we zre simply not or
Cr(COe vai, dur Weunls Ccompieres in our seeded exjansion wher Lhe puloel valve

Ty - ‘3 -

is uperat-«d at lower inten:ity. However, we ieel ounildent for the oilowlis

il

re=s2.0 thet cluster formstion i indesd tarily paaoe.  Fircos, we know S

Cr Tl vapoors are mixing inte the heldun talter ges oand diffusing towsrd L~
Nossie . because we obssrve crystalline deposity of CroClle ingide the st
tion veiarn= of the pals=] valve after severs] honra ol operstion. S=0lr b0 vs

that the niczlis germstry we erploy allows for facile generatinn o

digirin.tlic of cluster size: from seeded rare g=3 expancions. Thivd., we his oo

-

previsuslv show that cluzstering mnst be taking place i the exyanzic. o

"

MO e Semdisioin hellun. based o Lhe temporsi behevior of the pestal oxiide

i

PO v, . AR _ v .o .y - N PR N . - e e b1
photolons.  Sinees the vepor prescures ol Mo{20)s and Cri{CD)g are oomparat i

!

and puised bean intensity =.7

i

an’ sine= the conditiong of stagnation pressur
duration for the Cr(tXC)s expansion are identical teo those used previously for

the MorCDie exprar.cion, we would likewise expect clustering bt taks plat: In @

N

seeded Cr(CU)s expancsion. Finally, since we are apparently abls to gererzte

heteroclusters of HeD and Cr(CO)e, even though the number density of Hull

'

th=z-

t

m~leculez in the seeded gas is estimated to be an order of magnitude les:
that cf the meta! carbonyl, we should have nc difficulty generating clustercs
of Cr(CO)s.

Why is it that Cr(Q0)s van der Waals complexes should display photophys-
ical behavior unique among Group VIB hexacarbonyls? One possibility is that

intracluster bimolecular reactions simply are not taking place withi:i the




Cr(2JYe van der Waals compliexes, aithrugih this i1s lneonsistent witn S -

i1

—~

T
i

surts of kinstic studies whish infer thst gas-phese clustering reacriolc

tween Cri{Tooe and its ecoordinatively unsaturaled photoproducts take place at

gas-Kin-tic ratez 922 Ty more [ike.v posribilities merit considerat oo

-

one, tht -clustering reacticns belwes:; tie naocent Or gteom an? alis_ o

)

Cr/Chis "arivert” modeonles o 0y vig the S3me SYTmerl saluy Priar-o i ore-

dicce propoce: T ot MO and kol svstens. Lo invaelve morn o woner
=l oonessnantly, more ploooodehile M-l dncerzoiicne; o o mLternrclveluy ol

Shoering resItions in thee Ur(Cljg 8VoLem oare niellat el Uharoagt w Tiftereit
Lo titie £ chweme, pErices ol Invelving unsvmnelricas bridgino el T zigafli-

calnt o metal-net ! bonding interactions.  We disouzs these twe slternative: b=

Let uz first examins the poosilility that the nascent Cr aton rea t-
with an adjacent hexzcarbony. moleculs within the van der Wagls comy lex U
forr 2 strocturs analof.os to the one prooozed earlier for tre Mo(Clw ani

Wolle ovatema. A oan acproMimation. we will impose the constraint that the
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b rougtly Farsilel; are sepuarated by the van der Waais “thickness" of & ns

tructure with C-O0-M* beand =ni-

T

e e
srhites, approXimately 5.4 ALY For & plana

f

gles of 1207, each of the twe M*-U bonds wocld have a length of about 2 Z. if
the separstion of the bridging cartwnyls is mzintained and the C-M* -0 btond an-
gle is decreased from 1207 te 100" (z value typicul of some metal acetylacsto-
nates34), the M*-0 bond length increases to about 2.2 2. For which (if any)
of the Group VIBE metals is this range of M*-0 bond lengths reasonable” Esti-
mated M*-O bound lengths based on atomic nonpolar covalent radii3S are 1.92 A
(M*=Cr), 2.03 & (M*=Mc), and 2.05 A (M*=W). Experimental bond lengths fcr

variety of dioxygen-metal complexes have been tabulated:36 typical metal-
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oxygen bond lengths for complexes of Cr range from 1.81 to 1.32 A; and feor

those of Mo, from 1.91 to 2.24 5.37 Pased on our estimated metal-oxyg:n bend
lengths and available experimental data, we believe Lhat ground-state ztoms of
Mo or W night reasonably be expected to undergn clustering reactions with th=
corresponding metal hexacarbonyls to form structures such as 1, while ground-
ctate (r atoms would be more likely to form some alternative ctruniure as 3
result of clustering reactions with Cr(ZO)s.

One such aliernative might be a structure in which the Cr zuom lnitersite
viz ungymmetrical brideging with one (or more) of the CO ligunds of the nelgis
Lering hexzoarbonyl, as sugfested in Figure €. In this bonding
ligund ig terminally bound to one metal center, but side bound o the oths
Thig typ= of bonding has besn inveoked to explain the relzatively low gas-phase

“E

reactivity of Mro/Cl)g toward recombination with CG.S€

¥,

.
3
o+
+
J
3

€ cannot GigTual

osxitility that the two Cr atoms might be brideed exclusively throush e

itel

carbon end of a bLridoing carbonyl, in a monchapto- fashior, althoush such
bonding woald involve a fairly substantianl geometric rearrangement of <hs
Cr(CC)s reactant.

1t i interesting to speculate on how the bimolecular reactivity of Cr
would change in the present case if it were to possess cccupied 44 orbitale
whirh could participate in bonding interactions with the ligands of an ad’a-
cent Cr(M)e moulecule. This would require that the nascent Cr photoproduct be
produced in an excited state. The lowest excited state with norn-zerc ocsupa-
tion of the 4d orbitals is the e 7D state; its J=1 component is 42253.4%2 con-?
(ca. 5.24 eV) above the Cr a 735 ground state.38 It is known from emissicn
studies that MPD of Cr(C0)s at 248 nm produces atomic Cr in a statistical dis-
tribution of states;40 thus, one would expect the ground state of Cr to be the

predominant species produced in our experiment. While the excited e 7D state




1

is not one-photon accessible from the a 7S ground state, it certzinly is ec-
cessible via a two-photon transition; one would therefore expect productior. of
a significant population of e 7D Cr atoms upon MPD ¢f Cr(CO)e using focused
laser pulses at about 473.3 nm. These excited Cr atoms, by virtue of their 44
orbitul electron density, might display the same kind of bonding irtera-tionu
with metal carbonyls az we have inferred above for ground-state Mo and ¥

atoms.

Conclusions

We have examined the 248 nm multiphoton dissuciation and icnhization Jdy-
namics of van der Waals clusters of the Group VIR hexacarbonyls. Mass speo-
tral evidence indicates that W atoms undergo the same novel photoinduced bi-
molecular intracluster reactions previously inferrad for Mo, while Cr atomz do
not. We suggest that this trend in reactivity is due primarily tc changez in
the spatial extent of the valence d orbitals. Furthermore, such an interpre-
tation may imply enhanced reactivity of higher excited states of third-row
transition metals produced within the cluster environment. We are currently
extending our studies to other third-row transition metal carbonyls in order

to refine our understanding of the photochemistry of van der Waals clusters.
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Figure 1. PFroposed structure for the product of s
clustering reaction between a photoproduced metal atcocm, M*,
and a neighboring metal carbonyl "solvent” mclecule within
van cder Waals cluster (see reference 28&). The value of x
may range from 0 to 4. Bazack-donation from the occupied
metal dxy orbitals to the carbonyl ny* anti-bonding orbital

is 1ilustrated.
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Figure 2. Cluster beam photoionization/mass spectrometry

experiment, shown schematically.
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Figure 3. (A) MFI mass spectrum of Mo(CU,e van der Wasls

clusters, 80-100 amu. Signal due to ions of m/z = 101 amu

is ampiified by a tactor of 10. (B) MPI mass spectrum of

the unclustered Mo(CO)s, 80-180 amu, shown {for comparison.
As above, ion =signal is amplified by a factor of 10 for ions
c¥f m/z 2 1{1. Note the absence of oxo- and dicxomolybdenum

ions in the mass spectrum of the unclustered Mo(CO)s.
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re 4 {A) MF1 mass spectrum cof W(LOY»s van der Wzzis
ters, 17{-21u amu. Signal due to ions cof m/z = 190 amu
rriified by a8 factor of 25. WO+ ions are clearly

visibie, although limitztions of our guadrupole mass filte

’

rrevert us frem detectineg any WO2z+ icns which might be

rroduced. See discussion in text. (B) MF]I mase spectrum

the unclus-ered Mo(CO)s, shown feor compariscen. As above,

ion signal i1z amplified by a facteor of 25 for ions of m/:z

1%2Y. Note the absence of WO+ jons in the mass spectrum cf
the unclustered W(CO)s.
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Figure &. (AY MPI mass spectrum of Cr(CC)se van der Wazls

L

]

clusters, S0-150 amu. Signal due tc icns of m/z 2 €. amu is
amplified by a factor of 2.5. (B) MF1 mass spectrum cf the
unclustered Cr(C0OYs, &0-150 amu, =shown for comparicson. As
above., ion signal is amplified by a factor of 2.5 for ions
of m/z z BO. Vote the exclusive domination of both spectra

bty the metal ion signal, and the complete absence of metel

oxide iocns in the mass spectrum of the clusters.
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Figure €. One possible structure for the product of =
~lustering rea~tion between a ground-state Cr atoem and @
neighboring Cr(CC)s moulecule following multiphoten
excitation of & Cr(C0O)e van der Waals cluster. Clustering
between the nascent atom and a coordinatively unsaturated
chromium carbonyl would presumably result in a structure

witl some degree of metal-metal bond character.







